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Abstract 
The adsorption behavior and stable geometries of ferrocene molecule on pristine, oxygen 
and hydroxyl functionalized graphene surfaces are investigated by using first principle density 
functional calculations based on the PBE-D2 method, which uses GGA-PBE functional with the 
incorporation of van der Waals (VDW) forces. Our calculations reveal that on all graphene 
substrates (pristine, oxygen and hydroxyl functionalized), the ferrocene molecule adsorbed with 
its molecular axis parallel to the surface. Oxygen and hydroxyl functionalized graphene systems 
have higher adsorption energies, higher charge transfer values and shorter adsorption heights as 
compared to the pristine graphene. It is concluded that sandwich type π-π interaction along with 
the van der Waals forces plays a major role in these adsorptions. The physisorption of ferrocene 
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molecule is supported by the optimized geometrical parameters, adsorption energies and 
electronic properties. As the activity of a catalyst relies on the controlled adsorption of molecules 
onto surfaces, we therefore anticipate that these calculations can play an important role in the 
investigation of catalytic behavior of a catalyst based on the combined systems of graphene and 
ferrocene molecule. These findings offer more detail investigation of the ferrocene 
molecule/molecules on different types of graphene surfaces, and we hope that these calculations 
can open a new way for the upcoming work on other molecules of the metallocene family. 
Key words: Pristine graphene, Functionalized graphene, Ferrocene molecule, physisorption, π-π 
interaction, van der Waals forces 
 
1. Introduction 
Ferrocene with the chemical formula (C5H5)2 Fe or Cp2Fe, is an organometallic compound 
composed of two cyclopentadienyl rings (labeled as Cp) sandwiching an iron atom. The 
compound was discovered unintentionally and simultaneously by two groups Kealy and Pauson 
[1] and Miller et al. [2] in 1951.  Ferrocene and its derivatives due to their peculiar structural, 
electrical, magnetic, and transport properties are [3, 4] widely used in adhesion processes, 
catalysis, sensors, solar energy generation, hydrogen storage, cancer therapy, and nano-
magnetism [5-8]. For instance, due to its π-electron system, it is getting keen interest from the 
researchers. These molecules are highly valued as they guarantee high device efficiency. The 
functioning of the devices relies on the adsorption geometry and the self-assembly of molecules 
on the substrates. Particularly, the activity of a catalyst can be enhanced by the control 
arrangement of molecules and their morphological coordination with substrates. However, the 
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absolute details of the model of the devices and catalysts rooted in ferrocene and graphene 
combined systems are still insufficient. 
The inconsistency is found between the experimental and theoretical calculations about the 
stability and the favorable adsorption geometries of the ferrocene molecules onto surfaces. 
Photoemission spectroscopy, electron energy loss spectroscopy (EELS) and nuclear magnetic 
resonance (NMR) measurements have shown the preferred orientation of ferrocene molecules 
either with the molecular axis parallel or perpendicular to the surfaces [9-14]. Scanning tunneling 
microscopy (STM) measurement reveals the dissociative adsorption of the ferrocene molecule on 
Au (111) surface [15, 16]. Ferrocene is found physisorbed on Cu (111) when its molecular axis is 
perpendicular to the substrate. Molecules in two adjacent rows adsorbed with a tilt of about 10 ̊ 
with respect to each other [17]. However, both vertical and horizontal adsorption geometries of 
ferrocene molecules were observed on Cu (100) and Cu (111) substrates [18]. Nevertheless, the 
adsorption behavior and stable geometry of ferrocene molecule on surfaces is still limited. 
Since its discovery, graphene has been chosen as a principle material towards adsorption and 
desorption processes because of its low dimensionality and large surface area to volume ratio 
[19]. Indeed, molecular adsorption on graphene has been the focus of copious theoretical [20-23] 
and experimental [24-26] investigations. Due to the physical π-π interaction with a number of 
chemical species, graphene can be appraised as an appropriate material for catalyst and sensors 
[27]. Molecular adsorption reveals innovation in the structural, physical and chemical properties 
of graphene [19, 28]. However, pristine graphene (Pri-Gr) is chemically less reactive, which 
limits its practical applications in the fields where the interactions with different chemical 
species are critical. Various techniques such as functionalization, doping and defects are adopted 
to enhance the reactivity of graphene towards different chemical groups [28-30]. In fact, the 
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intentional functionalization of graphene with oxygen and hydroxyl group is found as an 
efficient way to modify its chemical properties [30, 31]. 
Oxygen and hydroxyl functionalized graphene (O-Gr and OH-Gr) exhibit excellent water 
solubility, multipurpose surface modification, and fluorescence properties, which are essential 
for the sensing, detection, and adsorption of molecules. The investigation of the adsorption 
process of amino acid on oxidized graphene sheet reveals strong interaction between the 
positively charged constituents of amino acid and the negatively charged oxygen atom of O-Gr. 
However, the interaction involving the delocalized π-electrons of the aromatic portion of the 
amino acids and lone-pair electrons of the oxygen atom of O-Gr is very weak [31]. Theoretically, 
an improvement in the chemisorption of H, OH, and Pt on the O-Gr has been predicted. The 
further tuning of the reactivity is supposed to rely on the presence of particular oxygen functional 
groups [32]. Surface modification of graphene by organic molecules could be an effective 
technique to tailor the electronic structure of graphene. The adsorptions of benzene and 
naphthalene molecules do not significantly perturb the electronic structure of graphene [33]. 
However, the interaction of the molecules with graphene was found to increase greatly by the 
presence of carboxyl groups on the benzene ring [34].  
Using density functional theory, we simulate the adsorption of ferrocene molecule on the 
surface of pristine as well as oxygen and hydroxyl functionalized graphene. We examined the 
favorable adsorption geometries of ferrocene molecule on the mentioned different graphene 
surfaces and its impacts on the electronic properties of these surfaces. To the best of our 
knowledge, there are so far no theoretical studies toward the adsorption mechanism of ferrocene 
molecule on the surface of pristine, oxygen and hydroxyl group functionalized graphene.  
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2. Theoretical Methods 
All the DFT calculations reported in this study were conducted by using the Vienna ab-initio 
simulation package (VASP) with the projector augmented wave (PAW) basis sets and periodic 
boundary conditions [35,36]. We performed calculations by the PBE-D2 method, which is PBE 
empirically including the van der Waals interaction using Grimme’s approach [37, 38]. A plane 
wave basis set is used to expand the wave functions with cutoff energy of 520 eV. The model 
systems are composed of ferrocene molecule placed on 8×8 supercell (128 atoms) of pristine, 
oxygen and hydroxyl functionalized graphene. To avoid the interaction between the graphene 
layer and it's mirror images a vacuum of 20 Å is set between them. Monkhorst−Pack scheme 
using 5 × 5 × 1 k-points grid is used to sample the first Brillouin zone in reciprocal space. For the 
density of state (DOS) analysis, a denser, 11×11×1 k-points mesh is used. Band structure is 
drawn along the high symmetry G-M-K-G directions. All of the configurations including 
pristine, oxygen and hydroxyl functionalized, and ferrocene adsorbed graphene substrates were 
fully relaxed by selecting the threshold convergence criteria of 10−4 eV and 10−2 eV/Å for the 
total energy and forces respectively. Bader charge analysis computing procedure is used to find 
out the charge transfer values between the substrate and adsorbate [39]. The equilibrium 
structures were also analyzed by using a finite displacement approach through the phonopy 
program. The phonopy code [40] has been used to extract the force constant and to subsequently 
calculate the phonon dispersion curves and DOS. 
The adsorption energy of ferrocene molecule on the all selected graphene surfaces was 
calculated as: 
                               𝐸𝑎𝑑 = 𝐸(𝑓/𝑓𝑢−𝐺𝑟) − 𝐸(𝑓𝑢−𝐺𝑟) − 𝐸(𝑓)                                 (1) 
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The first term on the right of the equation (1) represents the total energy of the combined 
ferrocene molecule adsorbed graphene substrates (Pristine or oxygen and hydroxyl 
functionalized graphene, respectively). Whereas the second term of the equation represents the 
total energy of isolated or functionalized graphene sheets respectively. The third term stands for 
the total energy of isolated ferrocene molecule. 
 
3. Results and discussion 
Our investigations of the adsorption mechanism of ferrocene molecule on graphene surfaces 
complement the findings of the preferential adsorption of this molecule on different substrates as 
reported by various studies [10-13, 17].  Our results reveal that ferrocene molecule adsorbed on 
pristine and functionalized graphene substrates with its molecular axis parallel to the substrate. 
These results are in agreement with the adsorption mechanism of ferrocene molecule as 
demonstrated on Mo (112) substrate [12]. To inspect the adsorption behavior of a ferrocene 
molecule on pristine graphene, primarily we have developed models for ferrocene molecule, 
pristine, oxygen and hydroxyl functionalized graphene. To do so, at first we have computed the 
comparative stability of two conformers of the ferrocene molecule. An eclipsed conformer is 
found more stable than the staggered one by 0.45 eV. This result is in excellent agreement with 
the couple-cluster single and double theory CCSD (T) calculation [41]. Secondly, we have 
carried DFT total energy calculations for Pri-Gr, O-Gr and OH-Gr sheets to determine the 
optimized parameters (Fig. 1). The calculated bond length (1.42 Å) of Pri-Gr is in accordance 
with other results [42, 43]. The optimized structure of O-Gr is shown in Fig. 1b. It is observed 
that the two carbon atoms of graphene bound to an oxygen atom are pulled out of plane in a 
vacuum with a displacement of 0.46 Å.  This corrugation of atoms looks like a ternary ring 
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closing to an isosceles triangle. Calculations reveal C-O bond length of 1.46 Å. The C-C bond 
length increased from 1.42 Å to 1.513 Å, which is near to the sp3 bond length of 1.54 Å  [31, 43].  
We observe that OH group prefer to adsorb on T-site. Fig. 1c illustrates the optimized 
structure of OH-Gr. It can be seen that the carbon atoms of graphene near to OH group are pulled 
out of plane in a vacuum with different displacements. The carbon atom underneath OH group is 
stretched out of the graphene plane by 0.59 Å. This corrugation of atoms breaks the π bond 
between two carbons of graphene. This confirms the transformation of sp2-hybridization of 
graphene to sp3. The calculated bond length between graphene (C-atom) and the oxygen atom of 
the OH group is 1.51 Å, whereas the corresponding O-H bond length is 0.977 Å. Near the 
adsorbed OH group, the bond length between two carbons of graphene increased from 1.42 Å to 
1.50 Å  [44, 45].  
We also calculate the electronic properties of the considered substrates. The calculated 
band structure result of Pri-Gr (Fig. S1(a)) is in accordance with other results and confirm that 
single-layer graphene is a semi-metal [42, 43]. The band structure plot of O-Gr is given in Fig. 
S1(b), which shows apparent changes near the Fermi level. Dirac structure is destroyed due to 
the strong hybridization between the orbitals of C and adsorbed oxygen [31]. The shifting of 
Fermi level of Pri-Gr by 0.06 eV to the valence band is obviously due to the transfer of 0.15 e 
charge from graphene to an adsorbed oxygen atom. All these results reveal the presence of strong 
interaction between the graphene substrate and an oxygen atom.  
The calculated band structure of OH-Gr is given in Fig. S1(c). It can be seen that the adsorption 
of OH group on graphene leads to significant changes in the electronic structure of Pri-Gr. These 
changes are evidently due to the covalent bonding between the orbitals of graphene and of O 2S 
orbital of OH group. Moreover, the shift of the Fermi level (0.2 eV) to lower energy level and 
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the perturbation of Dirac structure can also be attributed to the strong hybridization between 
orbitals of C and adsorbed OH group. 
 
 
Fig. 1. Optimized structures of (a) pristine (b) oxygen and (c) hydroxyl functionalized graphene. 
 
3.1  Adsorption on pristine graphene (f/Pri-Gr) 
To investigate the adsorption behavior of ferrocene molecule on Pri-Gr, we concerned about 
the favorable adsorption site for ferrocene molecule on the graphene basal plane. Three different 
adsorption positions i.e. hollow (H), bridge (B) and top of carbon (T) in the hexagon of graphene 
are selected (Fig. 2a). Ferrocene is oriented with its Fe atom located at directly above these three 
sites along the z-axis. Our calculations reveal that for ferrocene adsorption, the T-site is the most 
suitable location. Ferrocene molecule is adsorbed on graphene by selecting two initial adsorption 
configurations. One is that the molecular axis of the molecule parallel to the surface normal, 
termed as P-configuration (Fig. 2b) and the other is that the molecular axis perpendicular to the 
surface normal termed as H-configuration. The H-configuration is further divided into two sub-
configurations: (i) only hydrogen atom of each Cp ring is toward the graphene sheet with the 
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shortest distance from graphene (Hh1) (Fig. 2c) ; (ii) two hydrogen atoms of each Cp ring are 
toward the graphene sheet with equal distance from graphene (Hh2) (Fig. 2d).  
All aforementioned systems with ferrocene approaching the surface of Pri-Gr are fully 
relaxed, in order to find an appropriate position with the minimum energy. These calculations 
reveal that ferrocene molecule with Hh2-configuration is the most stable. The energy difference 
between Hh1 and Hh2-configuration is 0.08 eV. However, the energy difference between the P-
configuration and most stable configuration (Hh2) is only 0.023 eV. The robust aspect of our 
calculation is, that all initial structures with no tilt always relax with the presence of a tilt. The 
table 1 shows that molecules at P, Hh1 and Hh2-configurations respectively tilted their axis by 
about 0.2 ̊, 2.5 ̊ and 1.2 ̊ along the surface normal. From table 1 it can also be seen that molecule 
with P-configuration adsorbed on Pri-Gr surface at an average distance of 3.18 Å. While, the 
molecule at stable configuration Hh2 adsorbed at an average distance of 2.55 Å. These heights of 
the molecule from substrates in both configurations are high enough, which supports the weak 
non-covalent interaction between the adsorbate and substrate [46]. 
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Fig. 2. (a) Favorable adsorption sites i.e. H (hollow), T (top of carbon), B (bridge) on graphene. (b-d) 
Orientation scheme (optimized structures) for the adsorption of ferrocene molecule on a graphene 
substrate. P and (Hh1, Hh2) respectively represent P and H-configurations. Here yellow,white and orange 
balls respectively represent carbon, hydrogen and iron atoms. 
 
Table 1 Adsorption energies (Eads) and optimized structural parameters of the P- and H-configurations of 
ferrocene molecule on Pri-Gr. The distance of ferrocene molecule from the substrates along the z-axis (h) 
and (l), and tilt degree (Δϴ). Here (h) represents the distance measured from the top of carbon of 
graphene to Fe of ferrocene. While (l) represents the distance between the lower Cp ring and the graphene 
sheet. 
Configuration Eads (eV)                     Height   Δϴ (deg)       Δq (e)                 
     h (Å)                   l (Å)                 
     
P   -0.428 4.84 3.18                 0.2 
Hh1   -0.371  4.63 2.3   2.5 
Hh2   -0.451  4.44 2.55 1.2                 0.003 
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3.2 Adsorption on oxygen functionalized graphene (f/O-Gr) 
 
Once we set a benchmark about the stable adsorption site, geometric structure and 
adsorption energy of f/Pri-Gr, we proceed to the adsorption of ferrocene molecule on oxygen 
functionalized graphene (f/O-Gr). We aim to explore the adsorption nature, stable geometry and 
the sensitivity of oxygen modified graphene towards the ferrocene molecule. To do so, both P- 
and H-configurations are chosen. On the basis of pentagonal shaped rings of ferrocene, different 
configuring modes such as, Pcph1 (one hydrogen atom per each Cp ring facing an oxygen atom) 
(Fig. 3a and b), Pcph2 (two hydrogen atoms per each Cp rings facing an oxygen) (Fig. 3c and d), 
Hcph1(one hydrogen atom per each Cp ring toward the substrate) (Fig. 3e and f) and Hcph2 (two 
hydrogen atoms per each Cp rings toward the substrate) (Fig. 3g and h) are selected. The 
calculated adsorption energies, structural parameter and change in angle (tilt) for all mentioned 
models are displayed in table 2. 
For all considered configurations with full relaxation, the horizontal distance of the  
molecule is changed relative to the oxygen atom in order to approximate an equilibrium position 
with the lowest energy. The interaction between ferrocene and oxygen atom is found attractive. 
Wheares, the separating distances in configurations Pcph1, Pcph2, Hcph1 and Hcph2  are 2.40 
Å, 2.9 Å, 5.80 Å and 3.86 Å, respectively. The energy difference between Hcph1 and Hcph2 
configuration is 0.101 eV. Calculations reveal that Hcph2 is the most stable configuration.  In 
both P- and H-configurations, it is observed that the adsorption energies depend on the distance 
of separation between an oxygen atom and ferrocene. At a very close distance to an oxygen 
atom, the interaction is strong repulsive due to the consequence of nucleus-nucleus interaction. 
This repulsion consequently changes the orientation of ferrocene at different angles. The 
respective changes (tilt) of the orientational angle of ferrocene in Pcph1, Pcph2, Hcph1 and 
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Hcph2 are 0.5 ̊, 0.8˚, 0.1˚ and 0.6˚. Whereas molecule of configurations Hcph1 and Hcph2 are 
adsorbed at an average distance of 2.3 Å and 2.4 Å respectively. We observed that the adsorption 
height of ferrocene molecule on O-Gr substrate for the stable configuration Hcph2 is lower than 
its height on Pri-Gr. 
 
Table 2 The adsorption energy of f/O-Gr (Eads), adsorption height of ferrocene (hf-Gr) and (lf-Gr), bond 
length between oxygen and carbon (lO–C,), the distance between the oxygen atom and ferrocene molecule 
(do-f), change (tilt) in orientation angle of ferrocene (∆ϴ) and charge transfer (∆q). Here (hf-Gr) represents 
the distance measured from the C of graphene to Fe of ferrocene. Whereas, (lf-Gr) represents the distance 
of the lower Cp ring from the graphene sheet. 
Configuration Eads (eV) hf-Gr (Å) lf-Gr (Å) lO-C (Å) do-f  (Å)            ∆ϴ (deg)  Δq (e)                 
 Pcph1 -0.499 4.82 3.20 1.467 2.4 0.5  
 Pcph2 -0.512 4.80 3.17 1.466 2.9                     0.8  
 Hcph1 -0.416 4.68 2.3 1.46 5.8 0.1  
 Hcph2 -0.517 4.34 2.4 1.46 3.86                    0.6  0.03 
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Fig. 3 Adsorption scheme of ferrocene on O-Gr in (a-d) P-configuration and (e-h) H-configuration.  (a, c, 
e and f) top-views and (b, d,  f and h) front views of the optimized structures. 
 
3.3   Adsorption on hydroxyl functionalized graphene (f/OH-Gr) 
Using the main geometric configurations ( P and H), ferrocene molecule is placed on both 
sides i.e., (a) oxygen and (b) hydrogen of the OH group. The P-configuration is divided into 
PcpOh1 (one hydrogen of the Cp ring toward the oxygen atom of OH group), PcpOh2 (two 
hydrogen atoms of the Cp ring toward the O atom of OH group), PcpHh1 (one hydrogen of the 
Cp ring toward the hydrogen atom of OH group), and PcpHh2 (two hydrogen atoms of the Cp 
ring toward the hydrogen atom of OH group). These four configurations are shown in Fig. 4a-d. 
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Correspondingly, the H-configuration is also divided into four different configurations such as 
HcpOh1 (one hydrogen per each Cp ring toward the graphene), HcpOh2 (two hydrogens per 
each Cp rings toward the graphene sheet), HcpHh1 (one hydrogen per each Cp rings toward the 
graphene), and HcpHh2 (two hydrogens per each Cp rings toward the graphene sheet). All 
aforementioned configurations are shown in Fig. 5a-d.  
Following the full relaxation, the distance of the ferrocene molecule is changed relative to 
both oxygen and hydrogen atoms in order to find an appropriate horizontal separating position 
with minimum energy. The obtained adsorption energies, optimized structural parameters and 
change in angle (tilt) for all modeled structure are given in table 3. Calculations reveal that in P-
configurations, PcpOh1 is the most stable structure. The molecule is found tilted towards the OH 
group by 1.8 ̊ (Table 3). The adsorption height of the molecule for PcpOh1-configuration is 4.84 
Å (Fe-C distance) and 3.17 Å (lower Cp ring to C of graphene distance). However, in H- 
configurations, HcpHh2 is found as the most stable configuration. The molecule is found tilted 
by 2.6 ̊ towards the OH group. The adsorption heights of the molecule from graphene in 
HcpHh2-configuration are 4.44 Å (Fe-C distance) and 2.55 Å (average of the nearest neighbor 
distances between Cp rings and graphene sheet). The comparison of the adsorption energies of 
PcpOh1 (-0.518 eV) and HcpHh2 (-0.60 eV) show that HcpHh2 is energetically more stable 
configuration. Moreover, the calculated adsorption energy reveals that the interaction of the 
ferrocene molecule with the hydroxyl functionalized graphene is stronger than with the pristine 
graphene.  
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Fig. 4. Adsorption scheme of ferrocene molecule on OH-Gr in P-configuration. The optimized structure 
of (a) PcpOh1, (b) PcpOh2,(c) PcpHh1 and (d) PcpHh2 [upper panel represents top views while lower 
one the front views]. 
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Fig. 5 . Adsorption of ferrocene molecule on OH-Gr in H-configuration: The optimized structure of (a) 
HcpOh1, (b) HcpOh2, (c) HcpHh1 and (d) HcpHh2 [upper panel represents top views while lower one the 
front views]. 
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Table 3 The adsorption energy of f/OH-Gr (Eads), distance between OH group and ferrocene molecule (dOH-f), OH–C bond length (lOH–C), hydroxyl 
bond length d(OH), adsorption height of ferrocene (hf-Gr) and (lf-Gr) and height of stretched carbon atom (CZ) and change in orientation angle (tilt) of 
ferrocene (∆ϴ). Here (hf-Gr) represents the distance measured from the C of graphene to Fe of ferrocene. While (lf-Gr) represents the distance of the 
Cp rings from the graphene sheet. 
Configuration Eads (eV) dOH-f  (Å) lOH-C (Å) 
 
dOH (Å) 
 
hf-Gr (Å) 
 
lf-Gr (Å) Cz (Å) 
 
∆ϴ (deg)   Δq (e)                 
PcpOh1 -0.518 2.29 1.51 0.97 4.84 3.17 0.57 1.8  
PcpOh2 -0.510 2.80 1.51 0.97 4.83 3.17 0.56 0.4  
PcpHh1 -0.487 2.08 1.49 0.98 5.04 2.9 0.60 17.1  
PcpHh2 -0.498 2.10 1.51 0.98 4.8 3.20 0.53 3.6  
HcpOh1 -0.392 3.20 1.50 0.97 4.6 2.35 0.53 0.3  
HcpOh2 -0.503 5.40 1.50 0.97 4.37 2.51 0.62 0.3  
HcpHh1 -0.578 2.10 1.48 0.98 4.67 2.35 0.53 1.3  
HcpHh2 -0.600 2.30 1.48 0.98 4.44 2.55 0.61 2.6 0.27 
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3.4    Electronic properties of f/Pri-Gr, f/O-Gr and f/OH-Gr 
To further explore the adsorption process in detail, we verify the structure stability of all 
structures by calculating the phonon dispersion along the first Brillouin zone particularly at 
Gamma point (Figs. S2-S4, in the supplementary information). The phonon spectrum shows no 
negative frequencies, which suggests all structures are in stable phase without any dynamical 
instability.  We also calculate the electronic properties of f/Pri-Gr, f/O-Gr and f/OH-Gr systems. 
The calculated DOS plots of f/Pri-Gr, f/O-Gr, f/OH-Gr and ferrocene molecule (before and after 
adsorption) are given in Fig. 6a. The band structures of all calculated systems are given in Fig. 
6(b-d).  The DOS plot of f/Pri-Gr in Fig. 6a shows that a peak appeared near the Fermi level 
which is obviously caused by the ferrocene molecule states. The analysis of the band structure 
(Fig. 6b) shows that ferrocene adsorption does not significantly change the band structure of 
graphene because the Fermi level, shape, and position of the Dirac cone are not changed [24, 33]. 
However, flat bands appeared below the Fermi level within 0.5 eV, which are due to the 
development of molecular localized states. The same behavior is observed for f/O-Gr and f/OH-
Gr, where no orbital hybridization is observed between the substrates and molecule.  
For more detail analysis we show the energy level alignment diagram of graphene and 
ferrocene molecule before and after adsorption in Fig. 8e and f, respectively.  It is clear that the 
adsorption process does not influence the band structure of pristine graphene. However, it 
influences the ferrocene molecule. Indeed it shows by the increment or decrement of HOMO and 
LUMO level of molecular ferrocene, which indicates the achievement of electrical equilibrium. 
Due to this reason, the semi-metallic band structure of graphene remains same after adsorption. 
The same mechanism is observed for f/O-Gr and f/OH-Gr. The charge transfer by Bader analysis 
is 0.003 e for f/Pri-Gr, 0.03 e for f/O-Gr and 0.27 e for f/OH-Gr. These non-significant charge 
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transfer values also support the reason for the unaltered band structure and electronic properties 
of graphene. To probe the adsorption features in more detail, we map the isosurface of charge 
density differences of f/Pri-Gr, f/O-Gr and f/OH-Gr. The plots are given in Fig. S5, which clearly 
shows that ferrocene molecule stay away from all substrates. This confirms the lack of 
hybridization and covalent bonding between the orbitals of substrates and molecule [47-49]. 
These plots support the physisorption of the ferrocene molecule on Pri-Gr. 
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Fig. 6. (a) Calculated DOS of ferrocene adsorbed Pri-Gr, f/O-Gr and f/OH-Gr. DOS of ferrocene before 
and after adsorption are also given. Band structure of (b) f/Pri-Gr, (c)f/O-Gr and (d) f/OH-Gr. (e) and (f) 
the band alignment diagram of pristine graphene and ferrocene molecule without and with adsorption 
process, respectively.  
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4.  Conclusion 
Herein, we performed first principle density functional calculations based on PBE-D2 
method, to explore the adsorption behavior of ferrocene molecule on pristine, oxygen and 
hydroxyl functionalized graphene substrates. We found that functionalization of graphene with 
hydroxyl group presents the greater adsorption stability and charge transfer values; and then 
followed by the functionalization of oxygen as compared to pristine graphene. On all selected 
substrates the molecule adsorbs with its molecular axis parallel to the surface. Moreover, the 
optimized geometrical parameters, adsorption energies and electronic properties show a weak 
interaction between all substrates and molecule. Therefore, we conclude that the non-covalent 
sandwich type π-π interaction along with the van der Waals forces is among the fundamental 
keys of the adsorption of ferrocene molecule on pristine, hydroxyl and oxygen functional 
graphene. Further investigation for the whole understanding of this adsorption process has 
already started. And also, these findings offer ample information for the study of the adsorption 
of ferrocene molecule/molecules or other molecules of metallocene family on other different 
types of graphene or like surfaces. 
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Highlights 
 
 Ferrocene molecule physisorbed adsorbed on pristine and functionalized graphene with 
molecular axis perpendicular to the surface normal. 
 
 The stability of molecule is ensured by the non-covalent π-π interaction and van der 
Waals forces. 
 
 These calculations are important for the investigation functioning of catalysts based on 
ferrocene adsorbed graphene.  
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